Abstract-A method for creating a simple SPICE model is proposed such that the SPICE model allows prediction of radiated emissions in component level tests, such as those specified by CISPR 25 and MIL-STD 461. The model predicts measured emissions when the antenna is in the vertical direction, where emissions are typically worst for such geometry. It is shown that the radiation from the ground connections between the cables and return plane dominates over the radiation from the horizontal cables. The currents in these ground connections are predicted by treating the cables above the return plane as transmission lines and by treating the ground connections as infinitesimal radiating dipoles. The electric fields generated by these infinitesimal dipoles are summed at the antenna, where the antenna factor is then used to predict the received voltage at the antenna. Test results show that this SPICE model is able to predict peak emissions within a few dB over a range from 60 MHz up to 1 GHz for a variety of circuit configurations. This model should help circuit designers to better evaluate the design of their components early in the design process and help them to better understand the mechanisms behind emissions problems.
A method was presented in [5] for predicting radiated emissions from a PCB with attached cables. The cables were treated as a dipole antenna driven by a voltage across the PCB return plane. In contrast to CISCPR-25, the cables had been placed 1 m above a ground plane; thus, the horizontal polarized radiation from these cables are dominated. Not taking radiation loss into account overestimated the Q-factor of the resonating structures leading to an overestimation of fields by up to 25 dB.
Another approach uses full-wave models to find a transfer function which relates the common-mode current on the cables to the electric field at the receiving antenna [6] or to the receiving antenna output voltage [7] . A transfer function can also be used to relate the electromagnetic fields on a "Huygens-surface" of a volume surrounding the cable bundle to the receiving antenna output voltage [8] , [9] . In order to simplify the full-wave model and reduce the simulation time, an auxiliary monopole can be used to predict fields radiated from the cables [10] . While these techniques can generate accurate estimates of emissions, they require substantial effort and knowledge to develop the full-wave model, and importantly, do not necessarily give the engineer added insight into the mechanisms that cause radiated emissions.
Emissions were modeled in [11] using a lumped-element SPICE model. The antenna was assumed to be in the nearfield region of the device and radiation was predicted from the capacitance between the cables and antenna. The values of the capacitors were found through numerical modeling. Although this model did a reasonably good job of predicting emissions below 300 MHz, it was not able to predict peak emissions at all frequencies and suffered from the need to use numerical methods to predict the values of the capacitors. This paper describes a method which avoids the need for numerical models and improves prediction at high frequencies. The model is intended to predict radiated emissions from component level tests, where an unshielded wire is brought out from a shielded harness bundle and runs over a return plane. This setup is common in tests used in the aerospace industry, where signal wires are shielded but the power wire is not [2] . Common mode currents on the cables are predicted using the transmission line theory. The vertical ground connections between the cables and the return plane form the radiating structures, which are included as infinitesimal radiating dipoles. Fig. 1 in a shielded enclosure, on top of a large metallic return plane. The DUT drives a harness of shielded cables. The harness is 5 cm above the return plane. An unshielded power wire runs with the harness to a point in the center of the table, where the power wire is separated from the harness to connect with a line impedance stabilization network. At the point where the power wire separates from the rest of the harness, the harness shield(s) are connected to the return plane with a ground connection. The cables are placed 10 cm from the edge of the return plane and 1 m from a biconical antenna. The cable harness and unshielded power wire are both run along the edge of the table for 1 m. Since the DUT is well shielded and the harness shields are wellconnected to the DUT enclosure, only the currents on the power wire are expected to drive emissions. A similar setup is used in CISPR 25 tests [1] . Fig. 2 shows a simplified test setup that was used to develop an equivalent circuit model for predicting radiated emissions. The shielded cable in Fig. 1 was replaced with a 1-m-long coaxial cable as shown in Fig. 2(a) and (b). The power wire was represented with a single 1-m-long bare wire terminated to the return plane. The bare wire was connected to the center conductor of the shielded cable as shown in Fig. 2(b) , where the power wire would be pulled out from the harness of shielded cables. The shield of the coaxial cable was terminated to a metal bracket at location x = x 1 in Fig. 2(b) to represent the shield's connection to the DUT and was shorted to the return plane with a strip of copper tape where the bare wire leaves the cable (at x = x 2 ). The load termination for the bare wire was modified for different tests; though in the typical test, the bare wire was shorted to the return plane with a strip of copper tape, since this termination generated the worst-case emissions.
II. SIMPLIFIED TEST SETUP FOR RADIATED EMISSIONS
The coaxial cable was driven by a vector network analyzer (VNA) representing the noise driven by the DUT as shown in Fig. 2(b) . A biconical antenna was located 1 m from the point where the coaxial cable and power wire separated, as shown in Fig. 2(c) . Radiated emissions were represented from the values of S 21 between the port driving the shielded cable, and the port connected to the output of the antenna. Previous work has shown that the emissions measured by a vertically polarized antenna are higher than by a horizontally polarized antenna for this setup, as shown in Fig. 3 [11] . This paper focuses on the worst emissions, so models were developed only for the vertical polarization.
III. MODELING PROCEDURE

A. Common-Mode Voltage Source
The radiated emissions are driven by common mode currents on the bare wire, the shield, and the connections to the return plane. The bare wire is driven by the voltage between the shield and the bare wire at junction x = x 2 , where the power wire leaves the shielded cable harness. This voltage can be modeled as being generated by a noise voltage source V s with source impedance Z s . This noise source is within the DUT at x = x 1 as shown in Fig. 2(b) . When the source impedance Z s is equal to the characteristic impedance Z 0 of the shielded cable, the source at x = x 2 is a phase shifted version of the source at x = x 1 with the same magnitude
Since we are only interested in the magnitude of the radiated emissions, the phase of the voltage source can be ignored, and the source voltage can be placed directly at x = x 2 as shown in Fig. 4 . When V s is 2 V, Z s is 50 Ω, and the antenna output is loaded with 50 Ω, the magnitude of the voltage at the antenna output is equivalent to the magnitude of S 21 [12] .
B. Transmission Line Model for the Cables
While the transmission line formed by the inner conductor of the coaxial cable and its shield can be ignored by shifting the source to location x = x 2 , the transmission line formed by the coaxial cable shield above the return plane cannot be ignored. The shield above the return plane and the bare wire above the return plane were both treated as transmission lines. The transmission line formed by the bare wire is driven directly by the source voltage, as illustrated in Fig. 4 . The transmission line formed by the shield above the return plane is driven through inductive coupling. Modeling the transmission line formed by the cable shield is critical, since there is very little loss in this transmission line and substantial resonances can occur.
The characteristic impedance of the transmission lines, Fig. 4 , can be determined from the formula [13] Z 0i = 60 cosh
where h is the distance from the center of the conductor to the metal plane, and D i is the diameter of the conductor, where i = 1 for the shield and i = 2 for the bare wire. The electrical length of the transmission line can be represented by a time delay t d,i = l i /v 0 , where l i is the length of the transmission line, and v 0 is the speed of light in air, since air fills in the space between the shield or bare wire and the metallic plate.
C. Inductance of Vertical Conductor Segments
The cable shield and the bare wire are both shorted to the metallic plate with a metal bracket or a piece of copper tape as illustrated in Fig. 2(b) . The contribution of these vertical grounding conductors to the circuit was not accounted for in the transmission line model in Fig. 4 . The primary contribution of the vertical grounding conductors is through inductance. While inductance is a property of loops, the inductance contributed by one part of the loop can be approximated using partial selfand mutual-inductances. The vertical conductors are relatively far apart so their partial mutual-inductance can reasonably be ignored and the partial self-inductance of the vertical conductors can be used to approximate the contribution of these conductors to the overall inductance.
Let the partial self-inductance of the bracket at x = x 1 in Fig. 2 (b) be L 1 , and the partial self-inductances of the copper tape at x = x 2 be L 2 and at x = x 3 be L 3 . The vertical conductors are electrically small from 30 to 200 MHz, so the current density is approximately constant throughout the segments. The self-inductances of the copper tape, L 2 and L 3 , can be calculated using the equation for a thin rectangular conductor [14] 
where w is the width of the copper tape in cm, and l is the length in cm. For the bracket, with a thickness-to-width ratio less than 0.1, the self-inductance can be calculated as [14] 
where t is the bracket thickness in cm, and K = 2.05 is a constant.
D. Radiation Resistance
Modeling radiation loss is critical as the transmission line formed by the shielded cable has almost no other source of loss and thus can exhibit high-Q resonances. The majority of radiation is caused by the vertical ground connections. While the cables above the return plane may radiate, their radiation efficiency is small since the wires are electrically close to the return plane [11] . On the other hand, while the grounding conductors are short, they are electrically far apart so they can radiate without interfering with one another. The electric field from the currents in the ground conductors can be estimated using a Hertzian dipole. In the SPICE model, the radiated loss of the Hertzian dipole is represented through its radiation resistance. Let the vertical conductor segments be an infinitesimal dipole from 30 to 200 MHz. Its radiation resistance, R rad , can be approximated as [15] 
where λ is the wavelength in air. All three segments were assumed to have the same radiation resistance, since they have the same height.
E. Overall Model and Resulting Electric Field
The overall SPICE model used to predict currents within the test setup is shown in Fig. 5 . The equivalent source voltage was set to 2 V and source impedance to 50 Ω, to represent the VNA source used in measurements. The transmission line with characteristic impedance Z 01 represents the shielded cable. The transmission line with characteristic impedance of Z 02 represents the bare wire. Three inductors, L 1 , L 2 , and L 3 , are the self-inductances of the vertical conductor segments. R rad is the radiation resistance of the Hertzian dipoles associated with the vertical ground conductors. The metallic plate is represented by the GND connection. The reference direction of currents I 1 , I 2 , and I 3 is from the metallic plate to the cables.
The Hertzian dipoles representing the vertical grounding conductors generate radiated emissions in the vertical polarization. The vertically polarized electric field from a single dipole is given by
where I i =ẑI i are the currents in the grounding conductors i (i = 1, 2, 3), η 0 = 377 Ω is the wave impedance in free space, β 0 r = 2πr/λ 0 = 2πrf 0 /v 0 is the electrical distance from the dipole to a biconical antenna, and θ = 90
• is the polar angle. Each current is constant in space and is frequency dependent. The vertically polarized biconical antenna is located at P (x, y, z) = (0, 1, 0), as shown in Fig. 6 .
The reflection from the metal plate was ignored when estimating fields because the dipoles are only 10 cm away from the edge of the plate. In addition, nearly half of the antenna is below the plate. Simulations were used to validate this assumption. Using superposition, the total electric field at the observation point P is given by 
F. Antenna Factor of Biconical Antenna
Experiments were performed with a biconical antenna (Schwarzbeck Mess-Elektronik balun no. VHBB 9124 and elements BBA 9106). The antenna factor was determined by the manufacturer in an open area test site using the three-antenna method [16] . The antenna datasheet only provided the magnitude of the antenna factor at 1 and 5.3 m from 30 to 300 MHz. While this is the primary range of interest, the model was tested at both higher and lower frequencies (marked with shading in the figures below) to better demonstrate its capabilities. A full-wave model of the antenna was already available in our laboratory [11] [17]. This full-wave model was used to determine the antenna factor for a greater frequency range than was available in the datasheet. The antenna factor was calculated as
where E z is the simulated z-component of the electric field generated by a Hertzian dipole I 2 in Fig. 6 at the observation point P (x, y, z) = (0, 1, 0) or P (x, y, z) = (0, 5.3, 0) without the presence of the receiving biconical antenna, and V ant is the induced output voltage at the antenna terminals. This full-wave model does not take into account multiple reflections between the antenna and the semianechoic chamber walls, since they are small. Fig. 7 shows the magnitude of the estimated antenna factor at 1 and 5.3 m. The simulated antenna factor matches the antenna factor from the datasheet from 40 to 300 MHz within a few decibels. Some difference was observed from 25 to 40 MHz. This difference is caused by a difference in the simulation and 
Eqn. (5) Fig . Table I. measurement setups. While no measurement was performed to validate the model outside of this frequency range, the close match from 40 to 300 MHz gives confidence in the model.
IV. VALIDATION
The equivalent circuit model was validated against measurements and simulations while varying the length of the bare wire, the height of the wires above the return plane, and the distance between the cables and the antenna. Table I lists the circuit parameters used for the conventional setup, shown in Fig. 5 . The values of the parameters are either measured or calculated from the geometry and equations mentioned above, without any parameter tuning.
The currents in the vertical grounding conductors were found in SPICE using the model shown in Fig. 5 . The radiated electricfield at the antenna was then calculated using (7) in MATLAB. Since the induced voltage at the antenna terminals is equal to the transmission coefficient from the noise source to the antenna terminals, S 21 can be calculated from (8) as
when the circuit is driven by a 2 V source with a 50 Ω source impedance, as in Fig. 5 . The magnitude of the radiated emissions, given by |S 21 |, is shown in Fig. 8 as predicted by the proposed SPICE model, as predicted by a full-wave model, and as measured in a semianechoic chamber. The accuracy of the full-wave model was previously demonstrated in another paper [11] and matches 
Fig . 9 . Comparison of the measured, simulated (full wave), and predicted (SPICE) values of |S 21 | between the cables and the antenna found using the parameters settings for configuration 2 in Table II. measurements within a few dB from 10 MHz-1 GHz. This good match suggests the full-wave model can be trusted in later experiments where measurements were not performed. The resonance frequencies are approximately the same for the SPICE model and full-wave model and measurement. These resonances occur when the cables are approximately a half-wave length long and the current in the loop reaches a maximum [11] . Values of |S 21 | peak at the resonant frequencies. The model does not work well below 60 MHz, because the cables are electrically short and radiation is weak. The emissions at these low frequencies are typically much weaker than at high frequencies so are not usually an issue. Additional tests were made using the parameters listed in Table II . Parameters not shown in Table II were as given in Table I . Fig. 9 shows the measured, simulated, and predicted values of |S 21 | for configuration 2. As the bare wire is shortened to 0.8 m, the resonance at about 130 MHz in Fig. 8 was shifted to roughly 187 MHz. The resonance frequency related to the shielded cable does not shift, however, as its length did not change. As in Fig. 8 , the predicted values of |S 21 | closely match those from full-wave simulations above 60 MHz. Fig. 10 shows the simulated and predicted values of |S 21 | for configuration 3, where both the shielded cable and the bare Fig. 10 . Comparison of the measured, simulated (full wave), and predicted (SPICE) values of |S 21 | between the cables and the antenna found using the parameters settings for configuration 3 in Table II . Fig. 11 . Comparison of the measured, simulated (full wave), and predicted (SPICE) values of |S 21 | between the cables and the antenna found using the parameters settings for configuration 4 in Table II. wire were lifted to a height of 10 cm above the metallic table.
The full-wave model and predicted values of S 21 match within a few decibels above 60 MHz. When the height increases, the characteristic impedance of the transmission lines in (2), the load "inductance" in (3) and (4), and the radiation resistance in (5) all increase. The length of the dipole also increases. These effects cause the dipole moment to increase, so one would expect larger emissions in the vertical polarization for this configuration than for the previous configurations, as is clear when comparing Figs. 9 and 10.
In configurations 4-7, the antenna was moved to 5.3 m away from the experimental setup. Since the electric field is inversely proportional to the distance, as shown in (6), the emissions are expected to weaker, though the overall shape of the emissions with frequency is expected to be similar (neglecting changes in the phase of the electric field at the antenna for the three grounding conductors as the antenna is moved further away). Figs. 11-14 show the simulated and predicted emissions for Table II . Fig. 13 . Comparison of the measured, simulated (full wave), and predicted (SPICE) values of |S 21 | between the cables and the antenna found using the parameters settings for configuration 6 in Table II . Table II. these configurations. As expected, emissions were smaller than for similar configurations with a closer antenna. The difference of results between SPICE and full-wave models at low frequency is smaller when the antenna is farther away. For example at 20 MHz the difference is 10 dB in Fig. 8 , while 8 dB in Fig. 11 . The proposed model did a good job of predicting the emissions at this distance.
V. DISCUSSION ABOUT CABLE HEIGHT EFFECT
The height of the cables above the ground plane was assumed to be small in Fig. 5 . The horizontal common mode current on the cables is close to its return current on the ground plane, which prevents these currents from contributing significantly to the radiation. When the cable height increases, the contribution of the horizontal currents to the radiation increases, as shown in Fig. 15 for different cable heights. The horizontal fields will tend to be small when the ground connections are short. When the ground connections are long, the horizontal field may dominate the vertical field. CISPR 25, MIL-STD 461, and DO-160E radiated emission tests require the cables to be 5 cm above the return plane. The equivalent SPICE model is aimed at helping predict worst-case radiated emissions in these real-world tests. The height at which the equivalent SPICE model starts to deviate from full-wave simulation/measurement is well above the height used in the standardized tests.
VI. CONCLUSION
An equivalent SPICE model was developed to estimate the radiated emissions from partially shielded cables above a metal plate in component level tests, like those used for CISPR 25, MIL-STD 461, and DO-160. The dominant emissions result from currents in "ground" connections between the cables and the metal return plane for these setups. The currents in the ground connections can be predicted by modeling the cables above the ground plane as transmission lines and by considering the "ground" connections as inductors in series with radiation resistors. The fields from these currents can be approximated using infinitesimal dipoles. Applying the antenna factor of a biconial antenna to the fields gives the observed voltages. Comparisons between predicted and full-wave simulated/measured results demonstrate that this model is able to predict radiated emissions from 60 MHz up to 1 GHz. While the model was developed to predict emissions from shielded wires, it could also be applied to scenarios where the signal wires are unshielded. In that case, the source in Fig. 4 would be placed at the DUT (location x 1 ) and the entire length of cable from the DUT to load would be treated as a single transmission line. As a SPICE model, it is easy to integrate this model for emissions with existing models of the component circuitry. The models can be applied without the need for sophisticated software or development of sophisticated numerical models. Equally important, since the models are simple, they help provide intuition as to the causes for radiated emissions problem and how they might be fixed.
